High-energy synchrotron X-ray diffraction was utilized to study the mechanical response of the f.c.c δ hydride phase, the intermetallic precipitation with hexagonal C14 lave phase and the α-Zr phase in the Zircaloy-4 materials with a hydride rim/blister structure near one surface of the material during in-situ uniaxial tension experiment at 200
Introduction
Zircaloy-4 is a common fuel cladding used in pressurized light water nuclear reactors due to excellent mechanical properties, corrosion resistance, and low thermal neutron absorption cross-section. However, in-service absorption of hydrogen by Zircaloy-4 (Zry-4) is potentially problematic. One phenomenon of potential importance is delayed hydride cracking (DHC) which can occur during storage of used nuclear fuel (UNF). DHC is a time-dependent subcritical crack growth mechanism that can be induced by tensile hoop stress within the clad wall below the yield stress [1, 2] . DHC can eventually lead to clad failure during dry storage, potentially resulting in the release of radioisotopes within the storage casks.
The root-cause of the DHC is hydride re-orientation, where, under sufficient stress, plate-like hydrides dissolve and preferentially reprecipitate with plate normal axis parallel to the stress axis [3, 4] . This potential issue has motivated studies of the microstructure and mechanical response of the hydride phase under externally applied tensile stress to understand the reorientation behavior. For example, the threshold stress of the hydride reorientation is observed to be affected by several factors, including fabrication history of the material [3] , strength and grain size of the matrix [3, 5] , and the testing temperature [6] [7] [8] . For the typical cold-worked stress relief 2. Experimental
As-received material
A CWSR Zircaloy-4 sheet with thickness of 1.5 mm was obtained from ATI Specialty Alloys and Components. The chemical composition of this material was very similar to what is specified in ASTM Standards B353-12 [24] . The texture measurement shown in Fig. 1(a) exhibits the typical basal pole figure alignment for CWSR Zry-4 material; the two c-axis poles are tilted ±30 to 40 degree from the normal direction (ND) and resides within the transverse-normal (TD-ND) plane [18, 25] . Typical tensile dog-bone specimens were machined from the sheet with a dimension specified in Fig. 1(b) , with applied load along the rolling direction (RD). We note that for in-service cladding the tensile hoop stresses act along the TD not the RD.
In-situ synchrotron x-ray diffraction
Synchrotron X-ray diffraction analysis was performed at the 1-ID Beamline of the Advanced Photon Source at Argonne National Laboratory [28] . An incident X-ray beam energy of 86 keV was used with size of 150×150 µm 2 . A set of high-resolution quad GE a-Si detectors (four panels Hydra system) with 2048×2048 pixels per detector was used. The detector arrangement used for these experiments is shown in Fig. (4) . The sample to detector distance is about 2060 mm. The MTS R load frame and a clam shell furnace was used for in-situ uniaxial tension and heating. The load was applied along the RD of the samples. The data acquisition program was set up to automatically scan 12 individual data points in the gauge region of the sample. These 12 individual data images were summed to increase the intensity of the minor hydride phase and to avoid detector saturation due to much stronger Zr matrix diffraction intensity. This procedure also effectively increased the measured volume and minimized the sampling effect as population of hydride and matrix phase was anticipated to shift in space under applied load at temperature.
Temperature control was performed with a thermal couple mounted at the bottom of the gauge region out of the incident beam. Presumably the temperature gradient between the thermal couple and the beam measured area at the testing temperature (200
• C) is small. Samples were first measured at the room temperature with small applied load (10 N) and then heated to 200
• C. The applied load was then increased incrementally to 700 N, with associated tensile stress of ∼ 200 MPa. Table 1 lists the experimental conditions of these measurements. Samples were then held at 200
• C at the maximum stress for 4 to 8 hours to simulate the short-term creep test.
Data analysis
The 1-ID instrument was calibrated by Fit2D program by measuring the diffraction pattern from cerium oxide [29] under the same experiment geometry, yielding the detector tilts and positions relative to the incident X-ray beam. The information was then input in Matlab R routine for further analysis such as diffraction image processing and background subtraction [30] . An example of the four panel detector raw data output showing multiple Debye-Scherer rings is shown in Fig. 5(a) . These data can be re-binned to show diffraction peak or reflection intensity along the azimuthal angle about the Debye-Scherer ring(s) versus the radial distance, the latter related to the inter-planar spacing via the Bragg diffraction law. Such a re-binning is shown in Fig. 5 (b) for panel detector 2. This image is for the 977 wt. ppm sample and shows the δ hydride phase and the α zirconium phase diffraction intensity. This type of data can be further analyzed to determine phase orientation relationships and texture using, for example, MTEX [31] or E-WIMV algorithm [14] ). The pole figure analysis on the δ hydride (111) reflection ( Fig. 1(a) ) suggests that the texture of the hydride phase and the relationship with the α-zirconium is not altered from the known properties of the Zr-hydride system, which most of δ(111) planes are parallel to the α-Zr basal plane, by the rim/blister morphology [23] as previously mentioned.
Diffraction intensities were extracted with respect to four principal directions on the four detectors: 0, 90, 180, and 270 degrees, integrating ±5 degrees around these directions. The applied load (RD) and the orthogonal (TD) directions are defined along 0/180 and 90/270 degrees, respectively as shown in Fig. 5(a) . The TD diffraction data represents the Poisson's response to the applied tensile stress. The processed data was then exported into GSAS friendly format in order to measure lattice parameters using the conventional Reitveld refinement method [32, 33] . CMPR was also used to fit the initial peak profile for the refinement [34] .
Result and discussion

Lattice strain evolution
In this work the conventional Rietveld refinement is used to measure macrostrain or continuum equivalent response for the three phases (α-Zr, δ-hydride and χ-phase). It should be noted here that a better method which is closer to actual material physics was developed by Daymond, which is weighting peaks contribution to obtain a theoretical continuum strain [38] . Unfortunately, using peak weighting method requires the information of texture index of each planes, which could not be measured under the experimental geometry in this work. Also, an average over five peaks are required while using peak weighting method, which generally is not the case for a minor phase. Thus the best workaround for determining the continuum equivalent response in our case is to use the conventional Rietveld method.
However, careful assessment is necessary before applying the conventional Rietveld method. Daymond pointed out that if the X-ray absorption (the absorption term for determining X-ray diffraction intensity) is strongly dependent on the wavelength, contribution from certain peaks will be reduced which results in invalid lattice parameters while using the Rietveld method [38] . Also, it is commonly known that the conventional Reitveld method does not count for anisotropic response of the polycrystal materials. Despite these inherent imperfections, valid Reitveld results were still obtained for both untextured and textured h.c.p materials [38, 39] . Since in this work the wavelength was a constant during the whole experiment session, the absorption term should not influence the contribution of diffractions peaks toward the lattice parameters. Therefore it is plausibly to conclude that using the Reitveld method in this work should give results equivalent to the macrostrain response of each phases.
Thermal expansion coefficients from 25
• C to 200 • C were estimated from variation of the lattice parameters obtained by Reitveld method and were summarized in Table 3 . Lattice parameter variation of the χ-phase from RT to 200
• C is within the uncertainty thus it is excluded from the table. The estimated thermal expansion coefficients of α-zirconium are in good agreement with the literature values (5.5×10 −6 • C −1 along the a-axis and 10.8×10 −6 • C −1 along the c-axis) [40] . The estimated thermal expansion coefficient of δ-hydride in this study is an order of magnitude smaller than reported by Yamanaka (2.7×10
, where pure (99.9%) hydride was studied. A possible explanation is that the hydride expansion was constrained by the zirconium matrix. However, an earlier work by Kempter et al. [42] reported a comparable value (2.5-3×10
−6 • C −1 ) to this study. The lattice strain of the three phases at 200
• C were determined from the relationship, ) with small applied stress (∼ 3 MPa for snugging samples) used as the references. a
200
• C σ and c
• C σ are lattice parameters at 200
• C with a known applied stress σ. It is worth to note that the c/a ratio was not constrained during the refinement, since the stiffness in the c and a directions are different and would experience different strain. Because α-Zr and χ-phase have a and c lattice parameters, lattice strains of these two phases were averaged according to multiplicities using [39] 2ε a + ε c 3 (2) applied load beyond the transition. The transition therefore signals the transfer of applied load to the stronger δ-hydride and χ phase. Since the load partitioning region is a subsequent linear region of region I (linear elastic region) with a decreased slope, the inflection point of the two regions can be estimated using two linear fits and determining the intersection between the two lines, as shown in Fig. (9) . The inflection points are represented as magnitude of the applied stress and are reported in Table 4 . The large uncertainty of the χ-phase is again propagated from the large lattice strain uncertainty. If the determination of inflection stresses did not inherit the uncertainties of the lattice strains, the errors for the inflection stresses will be within 10% and the three phases will have comparable inflection stresses. There is no measurable lattice strain for all three phases after the short-term creep tests. Although creep may occurred plastically (by diffusion), it was not revealed by diffraction in this case.
Load partitioning between the Zr and the hydride phase
Since the measured lattice strains from the three phases should represent the average response of each phase in the material, the three principal stresses can then be calculated using
if assumed the elastic anisotropy between the ND and TD is small. In these equations 11, 22 and 33 corresponds to the RD (loading direction), TD and ND, respectively. Stresses along the TD and ND are the Poisson response to the applied tensile load. ε 11 , ε 22 and ε 33 are the three measured principal lattice strain. E is the elastic modulus listed in Table 4 and ν is the Poisson's ratio of each phase determined from lattice strain data in region I using ν = |E 11 /E 22 |. The amount of load transferred in the load partitioning region can then be quantified by calculating the average von Mises stress (σ e f f ) of each phase [46] , using
. This analysis does not include the χ-phase due to the large uncertainty of this relative minor phase. An example of the evolution of the von Mises stress as a function of the applied stress is shown in Fig. 10 . The magnitude of von Mises stresses on the two phases only slightly varied between the three samples. The evolution of the von Mises is very similar to the lattice strain response and two distinct regions can again be identified. The von Mises stresses in both phases increased linearly with applied stress in a nearly identical manner before the transition. The observed transition is again associated with load partitioning and a lower (and invariant) effective stress within the α-Zr matrix. A significantly higher von Mises stress within the hydride phase is observed post-transition. The effective or von Mises stress in the hydride phase exceeds 400
MPa at an applied stress of 200 MPa. Load transfer behavior is desired in composite materials since it represents a shift of load to stronger particles/fibers embedded in a softer matrix [45, 47] . However, in this case, load partitioning will likely facilitate brittle failure of the hydride phase. It is therefore important to quantify the transition stress and effective stress magnitude within the δ-hydride phase. Since the internal stress significantly affects the behavior of zirconium hydride phase (Ex: increases the stress also increases the terminal solid solubility for hydride precipitation), evaluating the von Mises stress on each phase help better understanding and predicting the cladding performance during the fuel rod life-cycle.
Conclusion
High energy synchrotron x-ray diffraction was utilized to study the strain response of α-Zr, δ-hydride and C-14 χ phases in a CWSR Zry-4 plate with hydride blister/rim distribution with an external tensile load applied along the RD at 200
• C. Findings are summarized below:
1. The hydride in the blister/rim structure has similar texture relationship with the α-Zr as the uniformly distributed hydrides.
3.
The conventional Rietveld refinement suggests that δ(111) is a suitable plane for macrostrain profiling for the δ-hydride phase.
4. From strain-stress curves of the three phases, a linear and load partitioning regions can be identified. The lattice strain of hydride phase increases significantly while the lattice strain of α-Zr becomes invariant in the load partitioning region. The measured elastic modulus of the three phases from the linear elastic region are similar at 200
• C.
5. The von Mises stresses in the three phases can be quantified using the average strain obtained by the Rietveld method.
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